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This issue of Science examines how researchers over- 
come the challenges they meet along their career 
paths. Though presented in this image as a game, 
meeting those challenges — going from a postdoctoral 
to a permanent position, for instance, or running a 
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Effects of Cerebral Ischemia in Mice Deficient in 
Neuronal Nitric Oxide Synthase 

Zhihong Huang, Paul L. Huang, Nariman Panahian, 
Turgay Dalkara, Mark C. Fishman, Michael A. Moskowitz* 

The proposal that nitric oxide (NO) or its reactant products mediate toxicity in brain 
remains controversial in part because of the use of nonselective agents that block NO 
formation in neuronal, glial, and vascular compartments. In mutant mice deficient in 
neuronal NO synthase (NOS) activity, infarct volumes decreased significantly 24 and 72 
hours after middle cerebral artery occlusion, and the neurological deficits were less than 
those in normal mice. This result could not be accounted for by differences in blood flow 
or vascular anatomy: However, infarct size in the mutant became larger after endothelial 
NOS inhibition by nitro-L-arginine administration. Hence, neuronal NO production ap- 
pears to exacerbate acute ischemic injury, whereas vascular NO protects after middle 
cerebral artery occlusion. The data emphasize the importance of developing selective 
inhibitors of the neuronal isoform. 



Nitric oxide has been implicated in the 
pathophysiology of focal cerebral ischemia 
on the basis of its actions as a mediator of 
tissue injury. For example, NO may react 
with superoxide to generate a peroxynitrite 
anion and other oxygen radicals (I) and 
may promote nitrosylation of proteins (2). 
NO concentrations increase acutely in the 
brain after middle cerebral artery (MCA) 
occlusion, from approximately 10 nM to 2.2 
u.M, as detected by a porphyrinic microsen- 
sor (3). Brain nitrite and cyclic guanosine 
3',5'-monophosphate (cGMP) levels also 
rise, and these increases are effectively 
blocked by prior administration of the NOS 
inhibitor nitro-L-arginine (L-NA) (4). 

Increases, reductions, and no changes 
have been reported in tissue injury after the 
administration of nitro-L-arginine methyl 
ester (L-NAME) or L-NA after MCA oc- 
clusion (5). L-NA and L-NAME are L-argi- 
nine analogs that nonselectively block en- 
dothelial, neuronal, and inducible NOS iso- 
forms. On the basis of results showing that 
the NO precursor L-arginine decreases isch- 
emic injury (6) by enhancing blood flow in 
the perinfarct area by NO-mediated mech- 

2. Huang and N. Panahian, Stroke Research Laboratory, 
Massachusetts General Hospital, and Neurosurgical Ser- 
vice. Harvard Medical School. Charlestown, MA 02129 
USA. 

P. L Huang and M. C. Fishman, Cardiovascular Re- 
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02129, USA. 
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anisms (7), we postulated that nonselective 
inhibition of NO synthesis within vessels or 
platelets may obscure the neuroprotective 
effects of NOS inhibition in neurons during 
focal cerebral ischemia (5-7). 

Using mutant mice that do not express 
the gene for the neuronal isoform of NOS 
(knockout mice, Kn), we documented the 
consequences of MCA occlusion on cere- 
bral infarction. As previously reported, Kn 
displayed normal brain cytoarchitecture 
and microvasculature and showed no evi- 
dence of neuronal NOS gene expression 
when DNA, mRNA, and proteins from 
brain extracts were analyzed on Southern 
blots (DNA), Northern blots (RNA), or 
protein immunoblots, respectively (8). 
Moreover, brain NOS activity was less than 
5% over background activity as detected by 
the enzymatic conversion of radiolabeled 
arginine to citrulline in brain homogenates, 
an activity presumably due to endothelial 
NOS (8, 9). Despite this gene deletion, Kn 
demonstrate no gross behavioral abnormal- 
ities as compared to wild type SV129 and 
C57Black/6 mice (8). 

In the present study, there were no dif- 
ferences in the cerebrovascular anatomy of 
six SV129 wild-type ancfsix mutant mice in 
whom the circle of Willis and major tribu- 
taries were filled with carbon black particles 
through the left cardiac ventricle (10). The 
C5 7 Black/6 wild -type mice we tested 
showed a similar cerebrovascular anatomy 
upon macroscopic inspection. Moreover, 
we detected no significant differences- in 
mean systemic arterial blood pressure values 
of SV129 wild type and C5 7 Black/6„ wile} . 
type and mutant strains [95 ± 2 and..97- ± " 
4 mm Hg for SV129 (n = 10)^ahd- 
C57Black/6 mice (n = 5), respectively ( -yer^__. 
sus 90 ± 6 mm Hg in mutant mice'TnlKS 
10)], nor were there apparent differeri^^5iF 
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SV129 wild-type mice (n~= 8) r to autoregu- 
late over a wide range of systemic arterial 
blood pressures (40 to 120 mm Hg) in pre- 
liminary studies (11). Hence, cerebral auto- 
regulation appeared intact. 

To examine the effects of focal ischemia 
on infarction size, permanent ischemia was 
induced by occlusion of the MCA with a 
nylon filament inserted through the right 
carotid artery (12). Body temperature was 
maintained constant (36.5° to 37.5°C), and 
systemic arterial blood pressure was moni- 
tored continuously until 10 min after sur- 
gery. Twenty-four hours after occlusion, the 
SV129 mice developed an infarct that was 
93 ± 5 mm 3 in volume, or 24 ± 1% of 
the forebrain volume (n = 13). The 
C57Black/6. mice developed an infarct that 
was 92 ± 10 mm 3 (n = 10). Smaller infarcts 
were observed in Kn [57 ± 5 mm 3 (n = 16), 
or 15 ± 6% of the forebrain volume of 
SV129 and 38% smaller than those in 
SV129 and C57Black/6 mice, respectively; 
P < 0.01)1 (Fig 1A). 

Significantly smaller infarct areas were 
evident in all 2-mm-thick coronal slices 
with tissue injury (Fig. IB). Large decreases 
were also observed in mutants 3 to 4 days 
after permanent MCA occlusion [108 ± 8 
mm 3 (n = 8) and 59 ± 8 mm 3 (n = 6) for 
SV129 and mutant groups, respectively; P 
< 0.01]. Physiological parameters deter- 
mined before and during ischemia were not 
different among groups (13). Wild type and 
Kn showed similar regional cerebral blood 
flow (rCBF) reductions when flow was re- 
corded with laser Doppler flowmetry from 
homologous ischemic regions after MCA 
occclusion (Fig. 2) (14). The decreases ob- 
served in infarction volume were closely 
paralleled by reduced neurological deficits 
assessed 24 hours after occlusion by an ob- 
server naive to the identity of the groups 
(15) (Table 1). Smaller infarcts were also 
observed in preliminary experiments in 
which the MCA was occluded at its proxi- 
mal segment after craniotomy and direct 
vessel coagulation and transection (J 6). In- 
creased cGMP concentrations in the brain, 
which result from NO binding to the heme 
moiety of guanylate cyclase (17), were sig- 
nificantly greater in the SV129 mice after 
MCA occlusion (30 min) [from 151 ± 8 
(base line) to 206 ± 23 (30 min) fmol per 
microgram of protein; P < 0.05] than i n the 
mutants [from 89 ± 19 (base line) to 89 ± 
19 (30 min). . . . fmol per microgram of 
protein; P > 0.05] (18). Basal levels of 
cGMP were also lower in mutant brain (P 
..^ 9^y_^J~* ence » tne capacity to generate 
NO is significantly decreased in the mutant 

^.pr- We T next administered L-NA to address 
Tw^dferrinhibition of endothelial NOS ac- 
S^D?-" 1 ' c ^ le: mutan t increased infarct vol- 
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the ability of the mutants (n =;4); a^^^n^afcet.MCA occlusion. The adminis 
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tered dose of L'-NA^waSTsafficienr to "com- 
pletely inhibit pialvessefcdilation to topical 
acetylcholine application* :(10 - - u,M) in 
SV129 and mutanrCJ9)'r"-The administered 
L-NA produced larger infarcts -in- the mu- 
tant group (20) z [38""±f 4f fvehfcle'; n =~10) 
versus 77 ± 8 mm?. (L-NA; n = 12)]. The 
D-NA group (n = 8) did not differ from 
control (P > 0.05). -Attendant changes in 
vascular hemodynamics and platelet func- 
tion (21) probably accounted for these find- 
ings (5). 

This study demonstrates that lack of 
neuronal NOS activity in brain is associat- 
ed with reduced ischemic damage after 
MCA occlusion. The apparent resistance of 
knockout animals to ischemic injury cannot 
be. duet to, vascular, factors,, because these 
animals have a normally developed cerebro- 
vasculature and rCBF reductions compara- 
ble to those of the control groups upon 
vessel occlusion. In fact, we have recently 
established that Kn mice are relatively re- 
sistant to tissue injury and cell death after 
transient global ischemia (22). Fewer dead 
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Fig. 1. Wild-type (Wt: SV-129, n = 13; Taconic 
Farms, Germantown, NY) and mutant (Kn, n = 16) 
mice subjected to MCA occlusion for 24 hours. (A) 
Each dot represents the value from an individual 
animal, and the data are given as mean ± SEM. (B) 
Infarction area for each of five coronal sections from 
rostral to, caudal (2 to 10 mm) shown for SV129 
(continuous line) and mutants (dotted line), Signrfi- 
cant_differences were found between the wild type 
anB;giutants in four of five sections. When the same 
P^999C "was followed with the wild-type 
C^7Blaci<76"rnice, infarction volumes did not differ 
■ frprrjgyi 29 values and were significantly larger than 
~^os*e r of-the: mutants (P < 0.05). Single asterisks, P 
: ^0^;vdouble asterisk, P < 0.05. Physiological 
^Sal^are-prdvided in (73). 



hippocampal neurons were counted 3 days 
after the transient occlusion of both com- 
mon carotid arteries and the basilar artery 
than in the control experiment. 

This study supports the hypothesis that 
parenchymal NO overproduction may lead 
to neurotoxicity in focal cerebral ischemia 
(23). The precise mechanism remains to be 
explored, but a number of possibilities have 
been proposed (23-25): the formation of 
NO-iron complexes with several enzymes 
including complexes I and II of mitochon- 
drial electron transport, the oxidation of 
protein sulfhydryls, DNA deamination, the 



m 
o 



120 




100 






80 






60 






40 




5"--o... 0 .--5---8---o a 


20 




0 





0 5 10 15 20 25 30 
Time (min) 

Fig. 2. Similarity in the relative changes in regional 
blood flow (rCBF) decrease after MCA occlusion 
in wild type (continuous line) and Kn (dotted line) in 
homologous brain regions in (A) the peri- infarct 
zone and (B) the MCA core territory. The rCBF 
level was determined simultaneously in the two 
regions by laser Doppler flowmetry in six animals 
from SV129 and mutants. In an additional four 
animals per group, rCBF values were recorded 
only in the peri-infarct zone. Time zero represents 
the point of MCA occlusion. Modest decreases to 
39 ± 4 and 35 ± 3% of the base line in the 
peri-infarct zone were present in SV1 29 and mu- 
tant mice, respectively. More severe reductions in 
rCBF (1 5 ± 4 and 1 7 + 3% of base line in SV1 29 
and mutant mice, respectively) were present in a 
more deeply ischemic territory; no differences 
were detected between groups. 



Table 1. Neurological deficit score. Neurological 
scoring was determined in the wild type (SV129) 
and knockout (Kn) mouse by the modified use of a 
previously published method (75), performed just 
before the mice were killed at 24 hours after MCA 
occlusion. The numeral abbreviations are as fol- 
lows: 0 t normal motor function; 1 , flexion of con- 
tralateral torso and forelimb upon lifting of the 
whole animal by the tail; 2, circling to the contralat- 
eral side but normal. posture at rest; 3, leaning to 
contralateral side at rest; and 4, no spontaneous 
motor activity. 



Group 
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Mean ± SEM 


Wt 


13 


0 


0 
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6 


3 


2.92 ± 0.20 


Kn 


16 


3 


3 


5 


3 


2 


1 .as ± 0.32* 




*P < 0.05. The data were analyzed by an analysis of 
variance followed by Mann-Whitney U analysis. 



inhibition of glyceraldehyde-3-phosphatc 
dehydrogenase through adenosine diphos- 
phate ribosylating mechanisms, or the for- 
mation of the potent oxidant peroxynitrite. 
It is proposed that increased cytosolic cal- 
cium in part, owing to activation of NMDA 
receptors, leads to enhanced calcium-calm- 
odulin binding and increased NOS activity 
during ischemia (23-25). Inducible NOS 
activity (as assessed by conversion of 3 H- 
arginine to 3 H-citruIline in the presence of 
EDTA and calcium-free buffer, in vitro) 
cannot be detected in rat or mouse brain 
before 24 hours after permanent MCA oc- 
clusion and so this activity may not affect 
acute ischemic events (26). 

Previous demonstrations of the benefi- 
cial effects of NOS inhibition in in vivo 
ischemia models have been complicated by .7 
the multiplicity of actions, cell types, and ^ 
tissue compartments that can produce NO 4 
and by the hemodynamic and related ac- ■ 
tions of NOS inhibitors (5). The present " 
study provides substantial evidence to end 
this controversy by demonstrating (i) in- : 
creased tissue survival after cerebral ische- ^ 
mia in mutants lacking NO production in 
neurons and (ii) the reversal of the resis- • 
tance to cerebral ischemic injury after inhi- : 
bition of endothelial NO production by 
L-NA administration. The former finding is 
consistent with preliminary data showing 
that 7-nitroindazole, an inhibitor with 
somewhat greater selectivity for the neuro- 
nal isoform in vivo, decreases infarct size 
after MCA occlusion in rats (27). The lat-_ 
ter finding complements previous reports . 
showing that blood flow-enhancing effects 
after exogenous administration reduces 
ischemic injury by NO-dependent mecha- 
nisms in the ischemic penumbra (7)- Our 
data also suggest that the cytotoxic effects 
of NO in brain during focal ischemia are 
not sufficiently counterbalanced by the pro-^ 
posed cytoprotcctive effects of NO that are- 
based on in vitro data (28). 

These data support the contention that 
neuronal NO production contributes to the ~ 
development of ischemic brain necrosis. Be- 
cause endothelial NO may protect brain^ £ 
tissue by increasing ischemic rCBF, selec^ : 
five inhibition of the neuronal isoform may- 
offer new possiblities for the treatment of- 
cerebral ischemia. 
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Laminar Comparison of Somatosensory 
Cortical Plasticity 

Mathew E. Diamond, Wei Huang, Ford F. Ebner 

During tactile learning there is a transformation in the way the primary somatosensory 
cortex integrates represents, and distributes information from the skin. To define this 
transformat.cn the s.te of earliest modification has been identified in rat somatosensory 
cortex after a change in sensory experience. Afferent activity was manipulated by clipping 

fi^fnln W 0n 0ne Side ° f thS Snout ( " whisker P airin 9">. ™* the receptive 

S f ?k °!j T?.?' d ' fferem C ° rtiCal depths were ma P? ed 24 hours later - Neurons in layer 
IV, the target of the pnmary thalamic pathway, were unaltered, whereas neurons located 
above and below layer IV showed significant changes. These changes were similar to 

Srh e vnnf h OCCU tH ,r ! ' V 3fter '° n9er Peri ° ds of whisker P airin 9" ™ e Agings support 
the hypothecs that the layers of cortex contribute differently to plasticity. Neurons in the 
supragranular and .nfragranular layers respond rapidly to changes in sensory experience 
and may contribute to subsequent modification in layer IV. 



The primary somatosensory cortex is reorga- 
nized during tactile learning { 1 ). For example, 
among proficient Braille readers the fingertip 
used for reading elicits evoked potentials over 
a larger area of sensorimotor cortex than do 
fingertips not used for reading (2). The anal- 
ogous observation has been made in experi- 
mental subjects. Adult owl monkeys were 
trained to discriminate between two frequen- 
cies of tactile stimulation of the fingertip (3). 
After several weeks of training, area 3b of the 
somatosensory cortex was explored with a 
microelectrode, and it was found that the 
cortical territory devoted to the stimulated 
skin area was expanded. 
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Because of the precise somatotopy of the 
afferent sensory pathways, the rat whisker 
system is an ideal model for investigating 
how sensory experience influences the 
functional organization of cortex. Each 
whisker on the snout projects through the 
thalamus to a separate cortical "barrel," a 
cluster of neurons in layer IV, and the barrel 
forms the basis of a column of neurons 
extending through layers II to VI (4). We 
have previously shown that receptive fields 
in layer IV of column D2 shift as early as 65 
hours after the onset of "whisker pairing" 
(5). Whisker pairing alters the pattern of 
afferent activity while leaving the peripher- 
al nerve intact: All whiskers on the right 
side of the snout are clipped except D2 and 
one of its neighbors, either Dl or D3 (Fig. 
1A). Here, we carried out a laminar com- 
parison of plasticity after just 24 hours of 
whisker pairing to detect the site of earliest 
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